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ϩ pump). We explored the impact of acute and short-term training exercise on PLM physiology in human skeletal muscle. A group of moderately trained males (n ϭ 8) performed a 1-h acute bout of exercise by utilizing a one-legged cycling protocol. Muscle biopsies were taken from vastus lateralis at 0 and 63 min (non-exercised leg) and 30 and 60 min (exercised leg). In a group of sedentary males (n ϭ 9), we determined the effect of a 10-day intense aerobic cycle training on Na ϩ -K ϩ -ATPase subunit expression, PLM phosphorylation, and total PLM expression as well as PLM phosphorylation in response to acute exercise (1 h at ϳ72% V O2peak). Biopsies were taken at rest, immediately following, and 3 h after an acute exercise bout before and at the conclusion of the 10-day training study. PLM phosphorylation was increased both at Ser 63 and Ser 68 immediately after acute exercise (75%, P Ͻ 0.05, and 30%, P Ͻ 0.05, respectively). Short-term training had no adaptive effect on PLM phosphorylation at Ser 63 and Ser 68 , nor was the total amount of PLM altered posttraining. The protein expressions of ␣ 1-, ␣2-,and ␤1-subunits of Na ϩ -K ϩ -ATPase were increased after training (113%, P Ͻ 0.05, 49%, P Ͻ 0.05, and 27%, P Ͻ 0.05, respectively). Whereas an acute bout of exercise increased the phosphorylation of PKC␣/␤II on Thr 638/641 pre-and posttraining, phosphorylation of PKC/ on Thr 403/410 was increased in response to acute exercise only after the 10-day training. In conclusion, we show that only acute exercise, and not short-term training, increases phosphorylation of PLM on Ser 63 and Ser 68 , and data from one-legged cycling indicate that this effect of exercise on PLM phosphorylation is not due to systemic factors. Our results provide evidence that phosphorylation of PLM may play a role in the acute regulation of the Na ϩ -K ϩ -ATPase response to exercise. cycle exercise; protein kinase C; Na ϩ -K ϩ -ATPase; protein interaction CONTRACTION ACTIVITY PROVOKES MODIFICATIONS in the ion gradients across the sarcolemma in skeletal muscle. During exercise, ions, especially K ϩ and Na ϩ , are displaced across the skeletal muscle sarcolemma, which may eventually lead to fatigue (48) . To prevent fatigue and allow for the persistent muscle contractions required for exercise, these ion gradients must be reestablished and perpetually maintained (48) . The Na ϩ -K ϩ -ATPase ion pump plays a key role in this process by regulating intracellular concentrations of K ϩ and Na ϩ (8, 39, 41) . Exercise or muscle contraction stimulates Na ϩ -K ϩ -ATPase function by modifying its intrinsic activity and its abundance at the plasma membrane (3) .
Skeletal muscle contains one of the largest pools of Na ϩ -K ϩ -ATPases in the body and expresses ␣-(␣ 1 , ␣ 2 , and ␣ 3 ) and ␤-subunits (␤ 1 and ␤ 2 ) (8) . Recent data suggest that a new protein family, FXYD, is involved in regulation of the Na ϩ -K ϩ -ATPase in skeletal muscle (46) . Eight different isoforms of FXYD have been identified in mammalian tissue. Skeletal muscle expresses only FXYD1, also known as phospholemman (PLM) (14) . Past studies have shown that PLM interacts with ␣ 1 -and ␣ 2 -subunits and modulates the activity of the Na ϩ -K ϩ -ATPase in cardiac and skeletal muscle (9, 16, 46, 49) . Recent reports have identified that the phosphorylation of PLM leads to an increase of Na ϩ -K ϩ -ATPase activity, which may be due to partial dissociation of PLM from the Na ϩ -K ϩ -ATPase complex (4, 7) .
Both insulin and exercise induce the phosphorylation of PLM in muscle. Phosphopeptide mapping of 32 P-labeled phospholemman from rat diaphragms indicated that insulin treatment induces the phosphorylation of PLM (51) . Acute exercise in rat skeletal muscle induced phosphorylation and translocation of PLM to the muscle outer membrane fraction and sarcolemmal giant vesicles, with a concomitant increase in Na ϩ -K ϩ -ATPase activity (45) . Insulin and exercise are hypothesized to promote PLM phosphorylation via protein kinase A (PKA) and C (PKC) since PLM is a known substrate for both PKA and PKC (33, 42, 51 (4, 7) . PKAand PKC-mediated phosphorylation of PLM may also regulate PLM translocation to the plasma membrane of the cell (27, 34) .
Present evidence suggests that PLM could play a key role in the physiological regulation of Na ϩ -K ϩ -ATPase activity in skeletal muscle during contraction. However, the effect of exercise on PLM physiology and dynamics in human skeletal muscle remain to be elucidated. Therefore, we have aimed to investigate the local and systemic effects of an acute bout of aerobic exercise and the effects short-term endurance training on exercise-induced phosphorylation of PLM in human skeletal muscle. We also propose a novel molecular mechanism for PLM phosphorylation during exercise.
MATERIALS AND METHODS

Subjects
The muscle specimens analyzed in this series of molecular investigations are from previously published studies (2, 52). 1) Eight healthy and moderately trained (i.e., engaged in normal physical training programs) male participants [age: 23 Ϯ 2 yr; weight: 70 Ϯ 2 kg; height: 173 Ϯ 3 cm; peak oxygen consumption (V O2peak) 3.3 Ϯ 0.3 and 4.3 Ϯ 0.5 l/min for one-and two-legged cycling, respectively] (52) were included to investigate local and systemic effects of one bout of single-leg exercise. 2) Nine healthy physically inactive male volunteers (age: 23 Ϯ 5 yr; weight: 79 Ϯ 8 kg; height: 179 Ϯ 8 cm; V O2peak: pretraining 3.5 Ϯ 0.6 l/min, posttraining 3.8 Ϯ 0.4 l/min) (2) were used to study the effects of short-term intensified training. The two groups of participants did differ in height, weight, and two-legged V O2peak, which was not significant (P Ͼ 0.4). However, the two exercise protocols were not compared in the biochemical analysis. All participants were fully informed of the possible risks involved in the study before providing written consent. The study protocols were approved by the Monash University Standing Committee on Ethics in Research Involving Humans and/or the Karolinska Institutet Human Research Ethics Committee and conducted according to the Helsinki Declaration.
Experimental Design of Exercise Trials
One-leg exercise protocol. The one-leg cycle protocol was used to investigate the local and/or systemic effects of exercise on skeletal muscle signaling events (52) . The demands of such a protocol require generally active participants with higher than normal fitness levels. At least 3 days prior to the exercise trial, peak pulmonary oxygen consumption (V O2peak) for one-and two-leg cycle ergometry was determined (52) . Subjects performed one-leg cycle ergometry at a load corresponding to ϳ70% of one-leg V O2peak, as described previously (52) . Muscle biopsies (20 -100 mg each) were obtained after local anesthesia from the vastus lateralis from separate incision sites, which were 3 cm apart (52) . Muscle specimens were obtained from the nonexercised leg at 0 and 63 min and from the exercised leg at 30 and 60 min of cycle ergometry. Muscle tissue was immediately frozen in liquid nitrogen and stored at Ϫ80°C until analysis.
Short-term training study. To investigate the effects of training on PLM and Na ϩ -K ϩ -ATPase, we utilized an effective short-term training protocol that improved exercise performance (ϳ9% increase in V O2peak) and altered muscle metabolism and cell signaling (2) . Participants completed a two-legged V O2peak test on the Lode cycle ergometer before returning 7 days later for the pretraining acute exercise bout (2) . The 10-day cycle training regimen commenced ϳ1 wk later and included four high-intensity intermittent interval training sessions. Training consisted of 10 days of endurance cycle training (2-legged) on the Lode cycle ergometer, including 4 days of highintensity interval training as described (2) . Each subject performed the same relative level of exercise. Subjects rode at ϳ75% of their V O2peak for 45 min on days 1, 5, 6, and 10, for 60 min on day 3, and for 90 min on day 8. High-intensity training took place on days 2, 4, 7, and 9, consisting of 6 ϫ 5 min intervals at ϳ90 -100% of the subjects' V O2peak, with 2 min of recovery at or below 40% V O2peak between the exercise bouts. Two days after the last training session the second acute exercise bout was undertaken at the same absolute workload as the pretraining trial. The two acute exercise bout days involved a 60-min of two-legged cycling exercise at a workload that elicited ϳ70% of their V O2peak. During the trials, blood, expiratory gases, and skeletal muscle biopsies were taken. The short-term, 10-day training protocol has been effectively used to induce changes in exercise performance, metabolism, and muscle signaling in response to the same absolute intensity exercise by our group (2) and others (28, 30) .
Pre-and postexercise trials. Subjects reported to the laboratory between 0600 and 0700 after an overnight fast (ϳ9 h). Upon arrival subjects voided, and body weight was measured. An indwelling catheter was then inserted into the left or right antecubital vein for continuous blood sampling and kept patent with regular flushing of 0.9% sterile saline. After a 15-min rest period, a blood sample was drawn. Muscle biopsies (120 -250 mg each) were again obtained, after administration of local anesthesia, from three separate incision sites over the vastus lateralis (2) . Following the initial biopsy, subjects rode at 72 Ϯ 1% V O2peak (164 Ϯ 9 W) for 60 min. During the ride, expiratory gas samples were collected for the 5 min preceding each blood sample. Blood samples were taken every 10 min during exercise. A second muscle biopsy was taken immediately (Ͻ20 s) after the completion of the 1-h ride. The subjects then rested in a supine position and were instructed to keep as still as possible for 3 h, after which the final biopsy was taken from the most proximal incision. Drinking water was provided ad libitum to subjects to consume over the duration of the trial but matched for the posttraining trial. Muscle biopsies were immediately frozen in liquid nitrogen and stored at Ϫ80°C until analysis. Blood samples were centrifuged at 2,500 g, and plasma was collected and stored at Ϫ30°C until analysis. All dietary analysis, metabolic measurements, muscle glycogen, and selected cell signaling data for these subjects have been reported previously (2) .
Blood Analysis
Plasma was analyzed for Na ϩ and K ϩ ions using the Ciba Corning 865pH/blood-gas analyzer, (Ciba Corning 865pH/blood-gas analyzer; Bayer).
Antibodies and Reagents
The antibodies against total PLM were acquired from the ProteinTech Group (Chicago, IL). Antibodies against C2 PLM, phosphorylated PLM Ser 63 , and Ser 68 were kindly donated by Dr. J. Cheung (Thomas Jefferson University, Philadelphia, PA). The antibody against phosphorylated PLM on Thr 69 was a gift from Dr. W. Fuller (University of Dundee, Dundee, UK). Polyclonal antibodies against ␤2-subunit of Na ϩ -K ϩ -ATPase were kindly provided by Dr. P. Martin-Vasallo (University of La Laguna, Tenerife, Spain). The remaining antibodies were purchased from commercial suppliers. These included Na ϩ -K ϩ -ATPase ␣1 antibody, phospho-PKC␣/␤II and phospho-PKC/ antibodies from Cell Signaling Technology, Na ϩ -K ϩ -ATPase-␣2 antibody from Millipore, Na ϩ -K ϩ -ATPase-␣3 antibody from Affinity Bioreagents/AH Diagnostics, Na ϩ -K ϩ -ATPase-␤1 monoclonal antibody from Thermo-Fisher, and GAPDH antibody from Santa Cruz Biotechnology. All other reagents were of analytical grade (Sigma, St. Louis, MO), unless otherwise specified.
PLM Antibodies Validation
The anti-C2 antibody was used previously to detect total PLM (6) and unphosphorylated PLM (47) in rodent tissue. The antibody was raised against the 16-amino acid sequence located in the COOH terminus of human PLM, which included the unphosphorylated Ser 63 and Ser 68 residues (47) . Therefore, the antibody was expected to recognize unphosphorylated PLM in an unstimulated state. To determine whether the anti-C2 PLM antibody is indeed detecting dephosphorylated PLM, and to evaluate a new commercially available PLM antibody (13721-1-AP; Proteintech Group), we used human, rat, and mouse skeletal muscle homogenates obtained from specimens incubated with or without insulin (120 nM, 30 min) and in the presence or absence of -phosphatase for 30 min at 30°C. Because insulin treatment increases PLM phosphorylation (51), we used insulin-treated samples as a positive control in the analysis.
Muscle Tissue Homogenization
Frozen muscle (50 mg) was freeze-dried and carefully dissected to remove blood and connective tissue. Skeletal muscle protein was extracted in ice-cold buffer (20 mM Tris, pH 7.8, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2, 0.5 mM Na3VO4, 1% Triton X-100, 10% glycerol, 10 mM NaF, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 1 mM dithiothreitol, 5 mM Na 4P2O7, 1 mM benzamidine, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 M microcystin). Homog-enates were rotated for 60 min at 4°C to dissociate protein complexes and centrifuged at 12,000 g for 10 min at 4°C. The protein concentration of the resulting supernatant was determined using a commercial kit (Bio-Rad, Richmond, CA). To facilitate detection of the sodium pump ␤ 1-and ␤2-subunits, sugar residues were removed with peptide-N-glycosidase F, as described (18) .
Immunoblot Analysis
Aliquots of the muscle lysates were diluted with Laemmli sample buffer and warmed at 56°C for 20 min, and 40 g of total protein/ sample was separated by SDS-PAGE using gradient (7.5-20%) gels. Following electrophoresis, proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). Membranes were blocked in 10 mM Tris, 100 mM NaCl, and 0.02% Tween 20 (TBST) containing 5% nonfat milk for 2 h at room temperature, washed with TBST for 10 min, and then incubated with the appropriate primary antibody overnight at 4°C. Membranes were washed five times with TBST and then incubated for 1 h with an appropriate horseradish peroxidase-conjugated secondary antibody (1:25,000 in TBST containing 5% nonfat milk), followed by three washing steps in TBST. Immunoreactive proteins were visualized by enhanced chemiluminescence (Amersham, Arlington, IL) and quantified by densitometry using Quantity One Software (Bio-Rad).
Coimmunoprecipitation
Aliquots of muscle lysate (400 g of protein) were incubated with the rabbit anti-PLM antibody (4 l) overnight at 4°C. Immunoprecipitation was achieved with affinity purification by incubating the lysate-antibody mixtures with protein G-agarose beads (Dynal) for 1 h at room temperature. The immunocomplex was washed three times in PBS, mixed with loading buffer, and warmed to 56°C for 20 min. Equal quantities of immunocomplex were separated by SDS-polyacrylamide gels (gradient 7.5-20%), transferred to PVDF membrane, and probed with primary antibodies of interest. Proteins were visualized with the immunoblotting techniques described above.
Statistical Analysis
Data are presented as means Ϯ SE. For the PLM antibody, validation paired t-test was used to assess differences between two treatments within a group. Differences between time points in the single-leg study were determined by repeated-measures ANOVA. Fisher's least significant difference post hoc analysis was used to identify specific differences between results. Data from the training study were analyzed using a two-way repeated-measures ANOVA (training ϫ time), and where a significant time effect was detected a one-way repeated-measures ANOVA was used to identify specific differences. Results were considered statistically significant at P Ͻ 0.05.
RESULTS
PLM Antibodies Validation
Anti-phospho-Ser 63 PLM, anti-phospho-Ser 68 PLM, anti-C2 PLM, and anti-total PLM antibodies were tested. In all species, the phosphorylation of PLM Ser 63 and Ser 68 was increased in response to insulin; -phosphatase treatment completely abolished or strongly decreased the phosphorylation signal (Fig. 1,  A-C) . The anti-C2 antibody detected both the phosphorylated and dephosphorylated PLM with equal efficiency in skeletal muscle lysates from rat and mouse (Fig. 1, B and C) . However, in human skeletal muscle, the signal given by the anti-C2 antibody was decreased with samples not treated with -phosphatase (Fig. 1A) . In contrast to the anti-C2 PLM antibody, the anti-total PLM antibody detected the same amount of PLM in -phosphatase-treated and -untreated samples (Fig. 1, A-C) . Interestingly, an electophoretic mobility shift was observed in -phosphatase-treated lysates, suggesting efficiency of the dephosphorylation protocol. Our results suggest that the anti-C2 antibody cannot be used for total PLM expression analysis in human skeletal muscle samples. Thus, we utilized the anti-total PLM antibody in the present study. 63 and Ser 68 We used two different exercise protocols and subject populations to investigate the effect of muscle contraction on PLM , total PLM (ProteinTech), and C2 PLM antibodies were used on rat, mouse, and human samples incubated with or without insulin, treated after homogenization in the absence or presence of -phosphatase (PPase). A: vastus lateralis portion of the quadriceps femoris from human was incubated with insulin at 30 min in the absence or presence of 120 nM insulin (19) . B: epitrochlearis rat muscle samples were incubated with insulin (120 nM for 30 min) (25) . C: murine extensor digitorum longus muscles were incubated with insulin (120 nM for 30 min) (11) . Representative immunoblots by using pPLM on Ser 63 and Ser physiology and dynamics. To assess the effect of an acute bout of exercise on PLM phosphorylation, we utilized a one-leg exercise study protocol. In this exercise model, acute exercise increased PLM phosphorylation on Ser 63 after 30 min (92%, P Ͻ 0.05) and on both Ser 63 (107%, P Ͻ 0.05) and Ser 68 (35%, P Ͻ 0.05) after 1 h of exercise in biopsies taken from the exercised (right) leg (Fig. 2, A and B) . Thr 69 PLM phosphorylation was not affected (Fig. 2C) . The level of phosphorylation of PLM on Ser 63 , Ser 68 , and Thr 69 from the resting leg remained unchanged throughout the exercise (Fig. 2, A and  B) . Taken together, these data indicate that acute endurance exercise increases PLM phosphorylation on both Ser 63 (107%, P Ͻ 0.05) and Ser 68 . Moreover, the lack of PLM phosphorylation in the nonexercised, rested leg muscle suggests that phosphorylation of PLM serine residues is due to a direct effect of exercise/contraction and is not a consequence of the systemic effect in response to hormones and other factors in the circulation.
Acute Exercise Increases PLM Phosphorylation on Ser
Short-Term Training Does Not Alter PLM Phosphorylation on Ser 63 and Ser 68
To explore whether PLM phosphorylation is influenced by exercise training, we analyzed PLM expression before and after the 10-day training protocol. Total PLM expression in human skeletal muscle at rest was unchanged following the 10-day training (Fig. 3A) . PLM phosphorylation was investigated at Ser 63 , Ser 68 , and Thr 69 in response to prolonged exercise training. As demonstrated by the one-leg exercise study (Fig. 2) , acute exercise modified PLM phosphorylation only on Ser 63 and Ser 68 (Fig. 3, B and C) , which increased in response to a single exercise bout before and after training by 36 (P Ͻ 0.05) and 22% (P Ͻ 0.05) at Ser 63 and by 51 (P Ͻ 0.05) and 30% (P Ͻ 0.05) at Ser 68 , respectively. However, following the 10-day training protocol, the PLM phosphorylation pattern on Ser 63 and Ser 68 was unchanged, indicating lack of effect of the training on PLM phosphorylation on these sites ( Fig. 3, B and C) . Thr 69 phosphorylation was not affected by either training or acute exercise (Fig. 3D) .
Endurance Training Increased Na
ϩ -K ϩ -ATPase ␣ 1 -, ␣ 2
-, and ␤ 1 -Subunit Expression
Because PLM is hypothesized to influence skeletal muscle Na ϩ -K ϩ -ATPase function, we examined the behavior of the sodium pump in parallel to PLM expression and phophorylation patterns. The expression of skeletal muscle ␣-(␣ 1 , ␣ 2 , ␣ 3 ) and ␤-subunits (␤ 1 and ␤ 2 ) at rest and before and after 10-day training protocol was assessed. Short-term training increased the total expression of ␣ 1 , ␣ 2 , and ␤ 1 of the Na ϩ -K ϩ -ATPase (113%, P Ͻ 0.05, 49%, P Ͻ 0.05, and 27%, P Ͻ 0.05, respectively; Fig. 4, A, B, and D) without significantly affecting total expression of the ␣ 3 -and ␤ 2 -subunits (Fig. 4, C and E) . The observed changes in muscle Na ϩ -K ϩ -ATPase subunit expression are indicative of a training-induced adaptive process.
Exercise Does Not Affect the Interaction Between PLM and Na
PLM has been shown to interact with the Na ϩ -K ϩ -ATPase via the ␣-subunits. We investigated whether exercise modifies this interaction. To accomplish this, we analyzed PLM-Na ϩ -K ϩ -ATPase interaction in skeletal muscle at rest and following acute exercise in the group of sedentary males before the 10-day training protocol. The antibody detecting total PLM immunoprecipitated the same amount of PLM from samples obtained from different subjects (Fig. 5A) . The amounts of ␣ 1 -and ␣ 2 -subunits of the Na ϩ -K ϩ -ATPase coimmunoprecipitated with PLM were similar before and after the acute exercise bout (Fig. 5, B and C) . Thus, the acute exercise did not affect 
Exercise Training Decreased Na ϩ and K ϩ Plasma Concentration
To relate the Na ϩ -K ϩ -ATPase and PLM expression, phosphorylation, and interaction pattern to Na ϩ and K ϩ homeostasis in the group of sedentary males before and after the 10-day training protocol, we collected blood samples from the antecubital vein and measured exercise-induced changes in Na ϩ and K ϩ plasma concentrations. Overall, short-term training reduced Na ϩ and K ϩ plasma concentrations both at rest and after acute exercise. The mean K ϩ concentration increased from 4.9 Ϯ 0.2 and 4.7 Ϯ 0.2 mM (P ϭ 0.03) at rest to 5.7 Ϯ 0.2 and 5.4 Ϯ 0.2 mM (P ϭ 0.001) after acute exercise pre-and posttraining, respectively. Plasma Na ϩ concentration increased from 139 Ϯ 1 and 138 Ϯ 1 mM at rest to 142 Ϯ 1 and 140 Ϯ 1 mM (P ϭ 0.02) at the end of the acute exercise pre-and posttraining, respectively. (Fig. 6) . Following a bout of acute exercise, the phosphoryla- tion of PKC␣/␤II increased by 50% after 10 days of training (P Ͻ 0.05), whereas prior to training, a strong tendency exists (P Ͻ 0.07) (Fig. 6A) . The phosphorylation of the atypical PKCs was increased significantly in response to the acute exercise posttraining only, although changes in phosphorylation before training showed a similar pattern (Fig. 6B) . These data provide the first evidence to suggest that conventional PKCs could be upstream kinases involved in the phosphorylation of PLM following acute exercise.
Effect of Acute Exercise and Short-Term Training on PKC Phosphorylation
DISCUSSION
The present study investigates PLM phosphorylation following an acute bout of exercise and/or a short-term training protocol, a protocol that has been effectively used to induce changes in exercise performance, metabolism, and muscle signaling in response to the same absolute intensity exercise by our group (2) and others (28, 30) . Our findings provide evidence that acute aerobic exercise but not short-term aerobic training increases the phosphorylation of PLM on Ser 63 and Ser 68 without altering total PLM expression or its interaction with Na ϩ -K ϩ -ATPase ␣ 1 -and ␣ 2 -subunits. Furthermore, our data indicate that PLM phosphorylation on Ser 63 and Ser 68 is subject to regulation by local contraction-related signals rather than systemic factors released in response to exercise. We suggest that PKC might be an upstream regulator of PLM phosphorylation in skeletal muscle in an acute exercise setting.
Both protocols of acute aerobic exercise induced an increase in phosphorylation of PLM on Ser 63 and Ser 68 (Figs. 2 and 3 ).
Since these phosphorylation events increase Na ϩ -K ϩ -ATPase activity (4, 7), this could represent a regulatory mechanism to enhance Na ϩ -K ϩ -ATPase activity in skeletal muscle during exercise. Acute cycle exercise was without effect on PLM phosphorylation on Thr 69 . This result does not seem surprising, since previously published data suggest that PLM phosphorylation on this site is transient (17) . In an unrelated study using cultured rat cardiomyocytes, a PKC agonist resulted in sustained phosphorylation of PLM Ser 63 and Ser 68 , but Thr 69 phosphorylation was only transient, peaking 1-2 min after application and then returning to basal levels after 10 -20 min, even in the continued presence of the drug. Since in our study biopsies were obtained after 1 h of cycling, the effect of exercise on Thr 69 phosphorylation may have been missed, and therefore, it cannot be excluded.
Training per se did not modulate the phosphorylation response on Ser 63 or Ser 68 (nor Thr 69 ) to an acute exercise bout in our volunteers, which is in contrast to previously published work. Swimming exercise training in rats for 5 days increased PLM phosphorylation on Ser 68 (18) . Two weeks of intense training in soccer players increased PLM phosphorylation on Ser 68 (50) . These discrepancies might be related to methods used, including wet vs. freeze-dried muscle, species, and training status of the human subjects, and warrants further investigation. Neither acute exercise nor a 10-day training protocol affected total PLM expression in human skeletal muscle from untrained, sedentary subjects. PLM expression in skeletal muscle was unchanged after 2 wk of intensified training of elite athletes (50) . Therefore, it appears that, unlike Na ϩ -K ϩ -ATPase, which was upregulated (Fig. 4) , training-induced adaptive changes in PLM function could be due mainly to modifications in PLM phosphorylation and/or its interactions with Na ϩ -K ϩ -ATPase and not to increased protein expression.
PLM associates with and modulates both Na ϩ -K ϩ -ATPase-␣ 1 and Na ϩ -K ϩ -ATPase-␣ 2 in a comparable but not identical manner (6) . PLM also stabilizes Na ϩ -K ϩ -ATPase in cell membrane and protects the enzyme from inactivation (31) . Therefore, we assessed not only training-induced changes in PLM phosphorylation and expression but also skeletal muscle Na ϩ -K ϩ -ATPase isoform expression and ␣-subunit interaction with PLM. Ten days of aerobic exercise training in our study modified the expression of ␣ 1 -, ␣ 2 -, and ␤ 1 -subunits of Na ϩ -K ϩ -ATPase (Fig. 4) , which may be interpreted as an adaptive mechanism in response to increased physical activity, which contributes to enhanced exercise performance (10, 20, 24, 29, 32) . Several laboratories have also reported this adaptation by the Na ϩ -K ϩ -ATPase ␣ 1 -and ␣ 2 -subunits to different exercise training protocols, including strength training (10), endurance training (35) , sprint training (29, 32) , prolonged cycle training (20) , submaximal cycling exercise (22, 36) , 16 h of heavy intermittent cycle exercise (21) , and short-term intense sprint exercise for trained soccer players (50) . However, in the present study, we did not detect any statistically significant difference in the expression of the ␣ 3 -subunit of Na (Fig. 4 ) in short-term training could perhaps reflect an adaptive expansion of the intracellular vesicular pool of Na ϩ -K ϩ -ATPase, which can be recruited and translocated to sarcolemma to maintain ionic homeostasis during muscle contractions.
Furthermore, we did not observe any modification in the amount of PLM interacting with Na ϩ -K ϩ -ATPase subunits due to the phosphorylation status of PLM. These results are in agreement with data obtained previously. Indeed, coimmunoprecipitation experiments have demonstrated that PLM is physically associated with Na ϩ -K ϩ -ATPase (5, 13, 49) , and this is not affected by PLM phosphorylation (5, 16) . PLM phosphorylation by either PKA or PKC reduces the fluorescence resonance energy transfer significantly, suggesting that although PLM and Na ϩ -K ϩ -ATPase are not physically dissociated upon phosphorylation, their interaction is altered (7) . Results from the present study indicate that PLM is phosphorylated on Ser 63/68 following exercise, which does not affect the dissociation of this protein from the Na ϩ -K ϩ -ATPase pump. Unphosphorylated PLM inhibits Na ϩ -K ϩ -ATPase activity (12, 49) primarily by reducing the affinity of the pump for internal Na ϩ . In contrast, Reis et al. (46) and Rasmussen et al. (45) showed that exercise training modulated the levels of PLM associated with the ␣ 1 -and ␣ 2 -isoforms. Specifically, PLM association with the ␣ 2 -isoform, but not with the ␣ 1 -isoform, had a tendency to increase after exercise training (46) . Additionally, treadmill running induced an increase in the association between PLM and the ␣-subunits in rat skeletal muscle, particularly the ␣ 1 -isoform (45) . Interestingly, Rasmussen et al. (45) observed no modifications in either PLM phosphorylation of Ser 68 or Na ϩ -K ϩ -ATPase activity in muscle homogenate despite an increase in the interaction between ␣-subunits of Na ϩ -K ϩ -ATPase and PLM. Further studies will be needed to explain inconsistencies between different reports.
PLM phosphorylation is integrally linked to Na ϩ -K ϩ -ATPase activity, and therefore, the Na ϩ -K ϩ -ATPase activity is measured in response to exercise, and training is of great importance. We attempted to measure the ouabain-sensitive ATP hydrolysis in homogenates obtained from freeze-dried human skeletal muscles biopsies. However, we were unsuccessful due to a small ouabain-sensitive component (Ͻ20% of total ATPase activity), great variability between measurements (Benziane B and Chibalin AV, unpublished observation), and a small sample yield of the biopsy technique (1). However, several studies using human muscle biopsy material have revealed decreased maximal in vitro Na ϩ -K ϩ -ATPase capacity after both maximal and submaximal exercise (44) . Such conflicting findings could result from methodological challenges of measuring Na ϩ -K ϩ -ATPase activity in vitro. These cited published results were all obtained utilizing the 3-Omethylfluorescein phosphate assay, which employs 3-Omethylfluorescein phosphate as an artificial substrate, without involving ATP hydrolysis (15, 40) . Therefore, this assay cannot be used to measure Na ϩ -dependent activation, or the K ϩ sensitivity of the intact Na ϩ -K ϩ -ATPase. In addition, these studies quantified the in vitro maximal pump capacity at only one supraphysiological Na ϩ and K ϩ concentration following both maximal and submaximal exercise. Thus, these ioninduced activities may not reflect in vivo Na ϩ -K ϩ -ATPase activity. It is important to note that the in vitro maximal Na ϩ -K ϩ -ATPase activity does not reflect the activity in the intact organism, where the Na ϩ -K ϩ -ATPase is also stimulated by hormones. Rasmussen et al. (45) utilized an ATPase assay based on ATP hydrolysis and a range of Na ϩ concentrations to quantify Na ϩ -K ϩ -ATPase activity. No differences were found in Na ϩ -K ϩ -ATPase activity between muscle homogenates of mixed muscle extracts obtained before and after treadmill running. Meanwhile, the increase in V max in the sarcolemmal giant vesicle preparation was observed (45) . Consideration must be given to the fact that changes in the maximal in vitro pump activity (V max ) may not reflect all functionally relevant changes. It is arguably more appropriate to study cationinduced changes in ATPase activity at physiological concentrations. Although we lack information on Na ϩ -K ϩ -ATPase activity and only limited extrapolations are possible based on electrolyte data, the reduction in K ϩ plasma concentrations at the end of the short-term training in concert with increased sodium pump abundance and in conjunction with previously published work (38) suggests enhanced pump function and improved Na ϩ and K ϩ homeostasis during exercise. These observations are also indirectly supported by the data from the short-term training study, which showed an increase in Na ϩ -K ϩ -ATPase subunit expression (Fig. 4) , which was not accompanied by the concomitant increase in total PLM expression (Fig. 3) . Since unphosphorylated PLM inhibits Na ϩ -K ϩ -ATPase, increased Na ϩ -K ϩ -ATPase/total PLM ratio suggests that Na ϩ -K ϩ -ATPase activity was enhanced in short-term training.
As demonstrated by the one-leg acute exercise protocol (Fig.  2) , where PLM phosphorylation in the nonexercised leg remained unchanged, skeletal muscle PLM phosphorylation is probably not due to systemic response to exercise. It is more likely that PLM phosphorylation during exercise is subject to regulation by local contraction-induced signaling events. One of the possible upstream regulators is Ca 2ϩ calmodulin-dependent protein kinase II (CaMKII). PLM contains a potential phosphorylation site for CaMKII (42) , and, as we demonstrated in our previous study (2) , the pattern of phosphorylation for CaMKII on Thr 286 in response to acute exercise in the same participants was identical to the one observed for PLM serine phosphorylation in the present study. Besides CaMKII, PKC could also play a role in PLM phosphorylation in response to exercise. PLM is known to be phosphorylated by PKC (33, 42, 51) , and several studies have indicated that PKCs are activated during exercise (23, 26, 43, 53) . The PKC superfamily is divided into three subfamilies, conventional (␣-, ␤ I -, ␤ II -, and ␥-isoforms), novel (␦-, ε-, -, and -isoforms), and atypical PKCs (-and /-isoforms), based on differences in structure and responsiveness to the second messengers, Ca 2ϩ , and diacylglycerol (37) . Of these PKC isoforms, exercise was not shown to affect PKC␦ or -ε abundance or phosphorylation (43) . However, exercise did increase PKC/ abundance and phosphorylation in total and membrane fractions, respectively, but decreased PKC/ phosphorylation in the cytosolic fraction of skeletal muscle (43) . Here we present increased PKC␣/␤II phosphorylation paralleling the exercise-induced pattern of PLM phosphorylation (Fig. 6A) , and therefore, PKC␣/␤II is a good candidate for the upstream kinase involved in PLM phosphorylation during exercise. PKC/, on the other hand, seems less likely to play a similar role since its phosphorylation pattern differed from PLM phosphorylation and is also activated by systemic effects (43) , which according to our results play a less important role in PLM regulation during exercise compared with local factors. Despite the strong correlation between PKC and PLM phosphorylation pattern, further research is needed to firmly establish whether conventional PKCs are upstream regulators of PLM in the acute exercise setting. This may include the use of knockout animals and/or PKC inhibition studies.
Although we have demonstrated the effects of acute exercise and exercise training on Na ϩ -K ϩ -ATPase isoform expression, PLM expression, and phosphorylation, these results need to be considered in the context of the study limitations. Present literature is contradictory as to the exact relationship between Na ϩ -K ϩ -ATPase isoform expression and muscle fiber type in rodents and humans (8, 54) . However, any relationship between Na ϩ -K ϩ -ATPase and muscle fiber type may also influence the PLM expression. Thus the effect of muscle fiber type could not be excluded since it was not determined due to lack of sample. Therefore, the effect of muscle fiber type on Na ϩ -K ϩ -ATPase and PLM warrants further investigation, especially in humans.
In conclusion, we provide evidence that acute exercise transiently increases the phosphorylation of PLM Ser 63 and Ser 68 without modifying Thr 69 . These effects on PLM phosphorylation and PLM expression are not altered by training and are not systemic in origin. Furthermore, acute exercise did not alter the amount of PLM interacting with Na ϩ -K ϩ -ATPase ␣-subunits. Therefore, it seems like PLM might play an important role in acute regulation of Na ϩ -K ϩ -ATPase, and it is less likely to be involved in long-term skeletal muscle adaptations. Therefore, training-induced changes in Na ϩ and K ϩ handling during skeletal muscle contractions could be due mainly to the adaptive increase in Na ϩ -K ϩ -ATPase expression. Our data also suggest conventional PKC (PKC␣/␤II) to play a role as an upstream kinase that phosphorylates PLM in response to acute exercise, but at the present time evidence remains circumstantial. These results provide evidence to suggest an important role of PLM phosphorylation for the activation of the Na ϩ -K ϩ -ATPase in response to an acute exercise bout.
